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The MIS18 gene is duplicated in the
vertebrate lineage. Stellfox et al. show
that Mis18a and Mis18b paralogs have
diverged to serve different functions
within the human centromere. Mis18a
binds Mis18BP1, and Mis18b recognizes
CENP-C within the centromere.
Centromere specification requires the
recognition of the existing centromere by
the intact Mis18 complex.
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TheMis18 complex specifies the site of new CENP-A
nucleosome assembly by recruiting the CENP-A-
specific assembly factor HJURP (Holliday junction
recognition protein). The humanMis18 complex con-
sists of Mis18a, Mis18b, and Mis18 binding protein 1
(Mis18BP1/hsKNL2). Although Mis18a and Mis18b
are highly homologous proteins, we find that their
conserved YIPPEE domainsmediate distinct interac-
tions that are essential to link new CENP-A deposi-
tion to existing centromeres. We find that Mis18a
directly interacts with the N terminus of Mis18BP1,
whereas Mis18b directly interacts with CENP-C dur-
ing G1 phase, revealing that these proteins have
evolved to serve distinct functions in centromeres
of higher eukaryotes. The N terminus of Mis18BP1,
containing both the Mis18a and CENP-C binding do-
mains, is necessary and sufficient for centromeric
localization. Therefore, the Mis18 complex contains
dual CENP-C recognition motifs that are combinato-
rially required to generate robust centromeric locali-
zation that leads to CENP-A deposition.
INTRODUCTION
Association of Mis18 with the centromere is the earliest known
step in CENP-A deposition (Fujita et al., 2007; Hayashi et al.,
2004). Centromere location is specified epigenetically in most
higher eukaryotes, and the histone H3 variant, centromere
protein A (CENP-A) is considered to be the epigenetic marker
of centromeric chromatin (Cleveland et al., 2003; Stellfox et al.,
2013). New CENP-A deposition is required in each cell cycle to
maintain centromeric identity and occurs in early G1 phase (Jan-
sen et al., 2007; Schuh et al., 2007). TheMis18 complex is a high-
ly conserved family of proteins present from yeast to humans
that is essential for centromere assembly (Fujita et al., 2007;
Hayashi et al., 2004). Humans contain two Mis18 proteins
encoded by separate genes, Mis18a and Mis18b, which form aCel
This is an open access article under the CC BY-Nheterotetramer (Nardi et al., 2016; Subramanian et al., 2016).
Both Mis18a and Mis18b contain a highly conserved YIPPEE
(PFAM: PF03226) domain that is characterized by a set of
cysteine residues (Subramanian et al., 2016). Mutations within
the YIPPEE domain disrupt Mis18a centromeric recruitment
and function (Fujita et al., 2007; Nardi et al., 2016; Subramanian
et al., 2016).
Human Mis18a and Mis18b interact with Mis18 binding pro-
tein 1 (Mis18BP1, a.k.a. KNL2 and M18BP1), which is required
for Mis18a and Mis18b localization (Fujita et al., 2007; Maddox
et al., 2007; Nardi et al., 2016). Mis18BP1 contains a highly
conserved SANT (Swi3, Ada2, N-Cor, and TFIIIB) domain as
well as a SANT-associated (SANTA) domain (Maddox et al.,
2007; Zhang et al., 2006). The Mis18BP1, Mis18a, and Mis18b
proteins are mutually dependent on each other for localization
and are required for the deposition of newCENP-A nucleosomes
by recruiting the CENP-A-specific chromatin assembly factor
HJURP (Barnhart et al., 2011; Dunleavy et al., 2009; Foltz
et al., 2009; Fujita et al., 2007; Moree et al., 2011; Nardi et al.,
2016; Wang et al., 2014).
The cell-cycle timing of CENP-A deposition is controlled
through positive and negative regulation of Mis18 centromere
recruitment (McKinley and Cheeseman, 2014; Silva et al.,
2012). Recruitment of Mis18 to centromeres requires Polo
kinase 1 activity (McKinley and Cheeseman, 2014). Centromeric
localization of Mis18BP1 is inhibited by Cdk1 activity, which de-
clines rapidly after anaphase onset, thereby allowing Mis18BP1
to initiate CENP-A deposition in early G1 (Silva et al., 2012).
Mis18BP1 physically interacts with CENP-C (Dambacher et al.,
2012; Moree et al., 2011). This is currently the only known
physical interaction that contributes to the specific centro-
meric localization of the Mis18 complex; however, whether the
Mis18BP1-CENP-C interaction is sufficient to support centro-
mere recruitment of the Mis18 complex in human cells remains
unclear.
In this study, we show the Mis18a and Mis18b paralogs have
distinct binding partners that serve to link the Mis18 complex to
centromeric chromatin through several physical interactions.
Mis18a interacts directly with the N terminus of Mis18BP1, while
Mis18b physically interacts with CENP-C in a cell-cycle-depen-
dent manner. Fragments of Mis18BP1 that only include thel Reports 15, 2127–2135, June 7, 2016 ª 2016 The Author(s). 2127
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
previously identified CENP-C binding domain are not sufficient
to localize Mis18BP1 to human centromeres. Full localization
of the Mis18 complex requires the Mis18a interacting domain
of Mis18BP1 and the previously identified Mis18BP1 CENP-C
binding domain. This joint interaction between the Mis18
complex proteins and CENP-C mediates the tightly regulated
localization of the Mis18 complex and subsequent CENP-A
deposition.
RESULTS
The N Terminus and CBD of Mis18BP1 Together Are
Sufficient for Centromeric Localization
We expressed a series of GFP-tagged fragments of human
Mis18BP1 in U2OS cells to determine the domains of Mis18BP1
that were required for its localization to centromeric chromatin,
(Figures 1A and S1A). Full-lengthMis18BP1was found at centro-
meres in 21.0% ± 12.9% of interphase cells, consistent with its
presence at centromeres from late telophase through mid-G1
phase (Figures 1B and 1C). A fragment of Mis18BP1 containing
the entire CENP-C binding domain (CBD) (Mis18BP1CBD) was
not recruited to centromeres. Therefore, although this region of
Mis18BP1 is able to interact with CENP-C (Dambacher et al.,
2012), this interaction is not sufficient to localize the Mis18BP1
to the centromere. Including the conserved SANTA domain
with the CENP-C binding region (Mis18BP1SANTA+CBD) was
also not sufficient to recruit Mis18BP1 to centromeres.
Mis18BP1C-Term, which contains a highly conserved SANT
domain, was also not required for centromeric localization of
Mis18BP1. All the GFP-Mis18 fragments that were expressed
could be detected in the nucleus (Figure S1B), showing that nu-
clear access did not explain the lack of centromere recruitment.
The only fragment of Mis18BP1 that displayed centromere
recruitment similar to that of the full-length protein contained
theN terminus, the SANTA domain, and the previously described
CENP-C binding domain (Mis18BP1N/CBD). The N terminus of
Mis18BP1 (Mis18BP1N-Term) was not sufficient. This suggests
additional interactions besides the characterized CENP-C inter-
action are required for Mis18BP1 recruitment. The interaction
does not require the SANTA domain, since deleting the
conserved SANTA domain did not abolish centromeric localiza-
tion of the otherwise full-length protein (Mis18BP1DSANTA) (Fig-
ures 1B and S1C).
While Mis18BP1N/CBD was sufficient for centromeric recruit-
ment, the question remained as to whether this domain could
support newCENP-Adeposition. Therefore,weassayedwhether
Mis18BP1N/CBD was able to rescue CENP-A loss when
endogenous Mis18BP1 was depleted. Cells treated with small
interfering RNA (siRNA) were simultaneously transfected with
GFP-Mis18BP1N/CBD and stained for endogenous CENP-A.
Mis18BP1 siRNAdepletion led to a 50%decrease in centromeric
CENP-A. However, Mis18BP1 siRNA-treated cells transfected
with GFP-Mis18BP1N/CBD showed CENP-A levels similar to
controls (Figures 1D, 1E, and S1D), which is consistent with re-
sults from McKinley and Cheeseman (2014). This demonstrates
that GFP-Mis18BP1N/CBD, in addition to being required for
centromeric recruitment, was also sufficient to direct CENP-A
deposition to centromeres.2128 Cell Reports 15, 2127–2135, June 7, 2016The N Terminus of Mis18BP1 Mediates a Physical
Interaction with Mis18a
The region of Mis18BP1 that supports the interaction with
Mis18a and Mis18b was previously unknown. All three proteins
of the Mis18 complex are required for CENP-A deposition (Fujita
et al., 2007). Therefore, we hypothesized that a region of the
Mis18BP1 N terminus that is sufficient for centromere localiza-
tion may also contain the interaction domain for Mis18a or
Mis18b. We assayed the interaction between Mis18BP1 and
the Mis18 complex by co-immunoprecipitation. Full-length
Mis18BP1 and Mis18BP1N/CBD efficiently co-immunoprecipi-
tated GFP-Mis18a, while the C-terminal Mis18BP1 fragment
failed to interact with Mis18a (Figures 1A and 2A). Therefore,
Mis18BP1 and Mis18a interact within the first 721 amino acids
of Mis18BP1, which is also sufficient for centromere localization.
Although Mis18BP1 recruitment to the centromere required
the entire Mis18BP1N/CBD fragment, we were able to further
localize the binding of the Mis18a to the extreme N ter-
minus of Mis18BP1 (Mis18BP1N-term) by co-immunoprecipita-
tion (Figure 2B).
We used a Lac repressor-Lac operon (LacI-LacO) de-novo
centromere assay to validate the interaction between Mis18a
and Mis18BP1 at chromatin (Barnhart et al., 2011; Janicki
et al., 2004; Zasadzinska et al., 2013) (Figure 2C). mCherry-
LacI (mCLI) Mis18a bait proteins were co-expressed with GFP-
tagged Mis18BP1 prey proteins, and their interactions were
assayed in an in vivo chromatin setting (Figure 2D). Consistent
with the co-immunoprecipitation assay, GFP-Mis18BP1N/CBD
was robustly recruited to arrays that contained mCLI-Mis18a.
GFP-Mis18BP1N-Term was also recruited to the mCLI-Mis18a
arrays similarly to the GFP-Mis18BP1N/CBD construct, whereas
the GFP-Mis18BP1SANTA+CBD fragment was not recruited to the
array (Figure 2E). Therefore, the N-terminal domain required for
Mis18BP1 centromere recruitment mediates the interaction
with Mis18a.
Mis18BP1 Interacts Directly with the YIPPEE Domain of
Mis18a
The Mis18 paralogs contain highly conserved YIPPEE domains
and C-terminal predicted coiled-coil domains. Mutations in the
YIPPEE domains of Mis18a or Mis18b eliminate their recruitment
to centromeres (Fujita et al., 2007; Nardi et al., 2016; Subrama-
nian et al., 2016). Although Mis18a and Mis18b share 29% iden-
tity between YIPPEE domains, the paralogs also contain several
amino acids that are uniquely conserved within each paralog
(Figure 3A, bottom). In order to determine whether Mis18a and
Mis18b serve distinct functions in the formation of the Mis18
complex, we conducted in vitro pull-down assays using recom-
binant Mis18 proteins. MBP-Mis18BP1 was incubated with dual
strep and hemagglutinin tag (StrepHA)-Mis18a and StrepHA-
Mis18b, and MBP-Mis18BP1-bound proteins were isolated
on amylose beads. MBP-Mis18BP1 bound to StrepHA-Mis18a
(Figure 3B). In contrast, MBP-Mis18BP1 was unable to pull
down StrepHA-Mis18b unless StrepHA-Mis18a was also pre-
sent. Thus, Mis18BP1 directly interacts with Mis18a but not
Mis18b.
The YIPPEE domains present in Mis18a and Mis18b each
contain two highly conserved CXXC motifs (Figure S2B).
Figure 1. Mis18BP1 N Terminus and CBD domain Are Required for Centromere Localization
(A) Schematic of GFP-tagged Mis18BP1 constructs.
(B) GFP-Mis18BP1 constructs expressed in U2OS cells. Centromeres (CEN) were identified using anti-CENP-A (Mis18BPDSANTA) or anti-CENP-T antibodies.
Scale bar, 5 mm.
(C) Quantitation of centromeric GFP localization of Mis18BP fragments ± SD; *p < 0.05.
(D) CENP-A recruitment to centromeres in U2OS cells treated with siRNA against GAPDH orMis18BP1 and rescued by transfections with GFP-Mis18BP12721 or
control plasmid (myrGFP).
(E) Relative CENP-A intensity in cells treated with Mis18BP1siRNA and rescued with GFP-Mis18BP1N/CBD.
See also Figure S1.Consistent with earlier data, mutating the first cysteine (C85A) in
Mis18a eliminated its centromeric localization without affecting
steady-state levels of the protein (Figures 3C and 3D) (Fujitaet al., 2007). Therefore, we assessed whether mutations in the
Mis18a YIPPEE domain affected its ability to associate with
Mis18BP1 at the LacO array. Wild-type mCLI-Mis18a was ableCell Reports 15, 2127–2135, June 7, 2016 2129
Figure 2. The N Terminus of Mis18BP1 Interacts with Mis18a
(A) Co-immunoprecipitations of 6xMyc-tagged Mis18BP1, N/CBD and C-terminal fragments and GFP-Mis18a from transfected HEK cells.
(B) Co-immunoprecipitations of 6xMyc-tagged Mis18BP1 sub-fragments encompassing N/CBD (aa 2–721) and FLAG-Mis18a from transfected HEK cells.
(C) Diagram of the LacI/LacO U2OS assay.
(D) Table of mCLI-tagged bait and GFP-tagged prey constructs.
(E) Targeting mCLI alone or mCLI-Mis18a to the LacO array and the recruitment of the GFP-tagged Mis18BP1 constructs. Centromeres are marked using anti-
CENP-A antibody.
(F) Quantitation of GFP-Mis18BP1 recruitment to the LacO array ± SD. n = 20; **p < 0.01.to recruit GFP-Mis18BP1 robustly to the LacO array (Figures 3E–
3G), consistent with the direct interaction between Mis18a
and Mis18BP1 seen by pull-down. In contrast, mCLI-Mis18b
failed to recruit significant amounts of GFP-Mis18BP1 to the
LacO array. The low level of Mis18b recruitment is consistent
with Mis18b interacting with GFP-Mis18BP1 through the pres-
ence of endogenous Mis18a. Mutating the Mis18a YIPPEE
domain (mCLI-Mis18aC85A) abolished the ability of Mis18a to re-
cruit GFP-Mis18BP1 to the array. The conserved cysteine resi-
dues coordinate zinc ions and organize the b sheets within the
domain (Subramanian et al., 2016); therefore, these mutations
lead to major structural changes in the YIPPEE domain and do
not suggest that the conserved cysteine are directly involved in
Mis18BP1recognition. Alanine substitutions of two additional
conserved residues within the YIPPEE domain shown previously2130 Cell Reports 15, 2127–2135, June 7, 2016to disrupt centromere recruitment, Phe83 and Asp94, which are
not expected to disrupt the overall YIPPEE structure, also disrupt
binding to Mis18BP1 (Figure S3) (Nardi et al., 2016). This indi-
cates that the YIPPEE domain of Mis18a is responsible for the
interaction between Mis18a and the N terminus of Mis18BP1.
In order to ascertainwhether theYIPPEEdomainofMis18awas
required to mediate a direct physical interaction between Mis18a
and Mis18BP1, we performed our in vitro pull-down experiment.
MBP-Mis18BP1was incubatedwith a hemagglutinin (HA)-tagged
wild-type or a YIPPEE mutant of Mis18a (HA-Mis18a or
HA-Mis18aC85A). The Mis18 YIPPEE mutant (HA-Mis18aC85A)
was unable to bind Mis18BP1 in vitro (Figure 3H). Therefore, the
in vitro pull-downs and the LacO array experiments indicate that
the inability of Mis18aC85A to accumulate at centromeres is due
to a disruption in its ability to bind Mis18BP1.
Figure 3. Mis18a Interacts with Mis18BP1 through Conserved Cysteine Residues
(A) Domain structure of human Mis18a and Mis18b paralogs. The percent amino acid identity between the human Mis18a and Mis18b paralogs is shown for the
entire protein and within the YIPPEE domain. Amino acids within the YIPPEE domain conserved across all vertebrate Mis18 genes (gray), only in Mis18a (blue), or
only in Mis18b (orange) are shown.
(B) Amylose bead pull-downs of recombinant MBP-Mis18BP1 incubated with StrepHA-Mis18a and StrepHA-Mis18b.
(C) Immunoblot of GFP-Mis18a wild-type or the C85A mutant expressed in U2OS cells.
(D) Localization of either GFP-Mis18a wild-type and C85A mutant to centromeres. The percentage of cells with centromeric GFP signal ± SD. Scale bar, 5 mm.
(E) mCLI bait constructs and the GFP-Mis18BP1 prey constructs.
(F) mCLI-Mis18a or -Mis18b constructs targeted to the LacO array and the recruitment of full-length GFP-Mis18BP1.
(G) Quantitation of GFP-Mis18BP1 recruitment to the LacO array, ± SD.
(H) Amylose pull downs of recombinant MBP-Mis18BP1 incubated with HA-tagged wild-type Mis18a or C85A.
See also Figures S2–S4.Mis18b Binds CENP-C and Facilitates a Cell-Cycle-
Dependent Recruitment
Depleting CENP-C, a constitutive centromere protein, in mouse
cells by small hairpin RNA (shRNA) or antibody depletion inXenopus extracts reduces the centromeric localization of
Mis18BP1, suggesting an important role for CENP-C in the
recruitment of the Mis18 complex (Dambacher et al., 2012;
Moree et al., 2011). However, our data show that the CENP-CCell Reports 15, 2127–2135, June 7, 2016 2131
binding domain of Mis18BP1 (Mis18BP1CBD) is not sufficient to
recruit the Mis18 complex to centromeres. Therefore, additional
interactions between the Mis18 complex and the centromere
may exist. In addition, Mis18BP1, Mis18a, and Mis18b are inter-
dependent for their recruitment to centromeres (Figure S4) (Fujita
et al., 2007). The loss of Mis18BP1 from centromeres is not due
to destablization of the protein, since Mis18BP1 protein levels
are unaffected by Mis18a or Mis18b siRNA suppression.
Therefore, we sought to determine whether Mis18a or Mis18b
contributed to centromere recruitment of the Mis18 complex
by directly binding CENP-C. We identified a conserved 250-
amino-acid region of human CENP-C, spanning amino acids
694 to 943 (CENP-C694–943), based on theMis18BP1 and centro-
mere-targeting domain (Lanini and McKeon, 1995; Yang et al.,
1996). Recombinant HisNusA-CENP-C694–943 was incubated
with StrepHA-Mis18a and StrepHA-Mis18b, and CENP-C con-
taining complexes were isolated by nickel nitrilotriacetic acid
(Ni-NTA) agarose pull-down to determine whether these proteins
interacted directly (Figure 4A). StrepHA-Mis18b co-purified with
HisNusA-CENP-C694–943, while Mis18a failed to interact with
HisNusA-CENP-C694–943. However, incubating both Mis18 pro-
teins with CENP-C694–943 resulted in both Mis18a and Mis18b
occupying the pull-down fraction. This is indicated by the doublet
band in the HA immunoblot (black arrows), as StrepHA-Mis18a
is slightly larger than StrepHA-Mis18b. We observed a similar
preference in vivo. mCLI-CENP-C694–943 was able to recruit
Mis18b to the LacO array, but not Mis18a (Figures 4B and 4C).
The Mis18a YIPPEE domain was known to contribute to its
centromeric localization, and we have shown above that it also
mediates a physical interaction with Mis18BP1. However, the
function of a similar domain in Mis18b was previously unknown.
Therefore, we compared the localization of wild-type GFP-
tagged Mis18b and a GFP-Mis18b containing a cysteine to
glycine substitution for the first conserved cysteine in the YIPPEE
domain (GFP-Mis18bC80G) (Figure S2B). Both constructs were
expressed at similar levels in transiently transfected U2OS cells
(Figure 4D). GFP-Mis18bWT localized to centromeres in 6.0% ±
1.0% of transfected cells, whereas GFP-Mis18bC80G was not
recruited to endogenous centromeres (Figure 4E).
To determine if the loss of centromeric localization was related
to an altered ability of GFP-Mis18bC80G to interact with CENP-C,
we assayed the interactions between these proteins in vivo at the
LacO array. (Figures 4F–4H). mCLI-CENP-C694943 was able to
recruit wild-type GFP-Mis18b to the array. Consistent with the
elimination of centromere recruitment, GFP-Mis18bC80G was
also unable to interact with mCLI-CENP-C694–943 at the array.
In addition, the interaction between CENP-C and wild-type
GFP-Mis18b at the LacO array correlated highly with the individ-
ual cell-cycle position. Mis18b only localizes to centromeres
during G1, and recruitment of GFP-Mis18b to the mCLI-CENP-
C694–943-bound LacO arrays occurred preferentially in cells that
were in G1, as indicated by the presence of GFP-Mis18b at
endogenous centromeres (Figure 4I). In this experiment, mCLI-
CENP-C694–943 recruited GFP-Mis18b to the array in 80.8% of
cells that also had GFP-Mis18b localized to endogenous centro-
meres. This is compared to cells that did not have GFP-Mis18b
localized to centromeres, in which only 6.3% of cells recruited
GFP-Mis18b to CENP-C occupied LacO arrays.2132 Cell Reports 15, 2127–2135, June 7, 2016In order to show that the YIPPEE domain of Mis18b was
required for the direct interaction between Mis18b and
CENP-C, we performed an in vitro pull-down assay. Wild-type
HA-Mis18b was sufficient to interact with HisNusA-CENP-C694.
However, no interaction was observed between HA-Mis18bC80G
and CENP-C (Figure 4J). Therefore, the presence of an intact
YIPPEE domain is crucial for proper localization of the Mis18
complex to centromeres through the interaction between
CENP-C and Mis18b.
DISCUSSION
Mis18 recruitment is a defining step in the early stage of centro-
mere specification. Here, we demonstrate that despite their
common origin, the Mis18a and Mis18b paralogs have evolved
to serve different functions in the CENP-A deposition pathway
and participate in different interactions within the Mis18 and
CCAN (constitutive centromere-associated network) com-
plexes. Mis18a binds directly to the N terminus of Mis18BP1,
while Mis18b interacts with the centromere targeting domain
of CENP-C. Therefore, it is the combinatorial recognition of the
centromere by Mis18b and Mis18BP1 that is crucial for the
recruitment of the Mis18 complex to existing centromeres.
The interaction between Mis18b and CENP-C correlates with
the cell cycle and likely contributes to the G1-specific recruit-
ment of the Mis18 complex to centromeres.
We observed that neither of the highly conserved Mis18BP1
domains, SANT nor SANTA, contributes to the centromere local-
ization nor mediates the interaction with Mis18a and Mis18b.
This is consistent with work showing the SANTA domain is not
required for localization of Arabidopsis KNL2 to centromeric re-
gions (Lermontova et al., 2013). Previous reports stated that the
SANT domain was required to confer CENP-C binding in mice;
however, this domain is dispensable in human cells. Therefore,
these conserved domains may serve functions independent of
centromere specification.
The simple model that Mis18BP1 binds CENP-C to target
the complex to centromeres is not consistent with our data
showing that the CENP-C binding domain is not sufficient to
localize Mis18BP1. We show that the Mis18 complex requires
two CENP-C binding domains, one in Mis18BP1 and one in
Mis18b. Since CENP-C recognizes the C terminus of CENP-A,
each CENP-A nucleosome can potentially recruit two CENP-C
molecules (Carroll et al., 2010; Kato et al., 2013). Therefore, the
interaction of the Mis18 complex may recognize CENP-C bound
to the same or neighboring CENP-A nucleosomes. The required
N terminus interacts directly with Mis18a. Therefore, the Mis18
complex requires that Mis18BP1 andMis18b both bind CENP-C
and be bridged by Mis18a in order to generate a stable interac-
tion between the Mis18 complex and the centromere.
Different higher eukaryotes use somewhat distinct mecha-
nisms to achieve centromere inheritance that include a partially
overlapping set of proteins. The Mis18 and HJURP proteins
are conserved in fission yeast and humans, as well as a wide
variety of eukaryotes, but have not been found in C. elegans
and insects; althoughC. elegans do possess aMis18BP1 homo-
log (Maddox et al., 2007). CAL1 in flies acts as a functional
homolog of HJURP, despite a lack of sequence similarity, but
Figure 4. Mis18b Binds CENP-C in a Cell-Cycle-Dependent Fashion
(A) Immunoblots of Ni-NTA pull-downs of HisNusA-CENP-C694–943 incubated with StrepHA-Mis18a or StrepHA-Mis18b, alone or in combination.
(B) Recruitment of GFP-Mis18a or GFP-Mis18b to the LacO array by targeting mCLI-CENP-C694943.
(C) Quantitation of GFP-Mis18a versus Mis18b recruitment by mCLI-CENP-C694–943.
(D) Immunoblot showing the expression of GFP-Mis18bWT and C80G mutant in U2OS cells.
(E) Centromeric localization of GFP-Mis18b wild-type or the C80G mutant in U2OS cells. Centromeres are visualized by an anti-CENP-C antibody. The
percentage of cells with centromeric GFP signal is shown ± SD. Scale bar, 5 mm.
(F) mCLI and GFP-tagged constructs.
(G) Recruitment of GFP-Mis18b or GFP-Mis18bC80G to the LacO array by targeting mCLI- CENP-C694943. Cells with Mis18b at the centromere (Cen.) were more
likely to recruit Mis18b to the array than cells without centromere localization (No Cen.).
(H) Quantitation of GFP-Mis18bWT or GFP-Mis18bC80G array recruitment ± SD; ***p < 0.001.
(I) Quantitation of GFP-Mis18b recruited to the mCLI-CENP-C694–943 array with respect to the localization of the GFP-Mis18b to endogenous centromeres.
(J) Ni-NTA pull-downs of HA-tagged Mis18b with HisNusA-CENP-C694–943.
See also Figures S2 and S4.nevertheless depends on CENP-C for proper recruitment to ex-
isting centromeres (Erhardt et al., 2008; Mellone et al., 2011;
Phansalkar et al., 2012).
Mis18a and Mis18b paralogs share a conserved YIPPEE
domain (Subramanian et al., 2016). Mutations altering the
conserved cysteine residues within the two CXXC motifs ofthe Mis18a YIPPEE domain, which form a metal binding motif
and organize the domain, were shown to eliminate centromere
recruitment of the Mis18 complex (Fujita et al., 2007; Subrama-
nian et al., 2016). We show that the loss of centromere localiza-
tion in Mis18a cysteine mutants is due to the inability of the
mutant to bind Mis18BP1. We showed previously thatCell Reports 15, 2127–2135, June 7, 2016 2133
multimerization of Mis18a through the coiled-coil domain is
required for Mis18a to recognize Mis18BP1; therefore, multiple
Mis18a YIPPEE domains must coordinate the binding to
Mis18BP1 (Nardi et al., 2016). Similarly, replacing one of the
conserved cysteines in Mis18b with glycine (Mis18bC80G) also
leads to a loss of centromere recruitment (Figure 4). This is
due to the inability of the mutant Mis18b to bind CENP-C. While
the Mis18a and Mis18b paralogs use their YIPPEE domains to
interact with different partners, the integrity of both domains in
Mis18a and Mis18b, which are brought to together into a single
tetrameric complex through the coiled-coil domains (Nardi
et al., 2016), are crucial to mediate the multiple interactions
required for complete recruitment of the Mis18 complex to
centromeres.
EXPERIMENTAL PROCEDURES
Cell Culture, Immunofluorescence, and siRNA
U2OS-LacO and HEK cells were transfected using Lipofectamine 2000 ac-
cording manufactures protocols (Life Technologies). For more information
and detail regarding siRNA oligos used in the study and quantitation methods,
see Supplemental Experimental Procedures. Statistical significance between
conditions was determined using a two-tailed Student’s t test.
Immunoprecipitation
Cells were lysed in 1 ml cold RIPA buffer (50 mM Tris HCl [pH 8.0], 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM PMSF,
50 mM b-glycerophosphate, 200 mM sodium vanadate, 5 mM sodium fluoride,
and 13 Roche protease inhibitors). Lysates were precleared with Affi-Prep
Protein A (catalog number 156-0006, Bio-Rad), then incubated with anti-
Myc or anti-FLAG antibodies overnight at 4C. Antibody-bound complexes
were purified on pre-blocked Affi-Prep Protein A and eluted in SDS-PAGE
sample buffer. Additional information about immunoblotting can found in Sup-
plemental Experimental Procedures.
In Vitro Pull-Downs
See Supplemental Experimental Procedures for information regarding recom-
binant protein purification. In vitro pull-downs were performed in buffer con-
taining 50mM Tris-HCl (pH 7.5), 250 mM NaCl, 20 mM MgCl2, 0.5% NP-40,
10% glycerol, and 5 mM b-ME. Recombinant proteins were combined at 1:1
molar ratio and incubated for 3 hr at room temperature. The blocked affinity
matrices were added to the pre-formed complexes and incubated for
40 min at room temperature. Wash buffer for Ni-NTA pull-downs was supple-
mented with 40 mM imidazole. Proteins were eluted in SDS sample buffer.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2016.05.004.
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